Municipal waste management and Waste-to-Energy (WtE) potentials in New Zealand are discussed. The existing main waste management strategy of New Zealand is to reduce, reuse and recycle waste. Most of the remaining waste is currently disposed of in landfills. WtE options were explored in this study as a more sustainable waste treatment alternative in the country, while making use of the annual 30.8 petajoule of available waste energy in New Zealand. Four WtE technology options were discussed and compared, namely incineration, anaerobic digestion, gasification and pyrolysis. The aspects in comparison were air pollution, cost, side products, capacity, commercial maturity, energy efficiency and type of waste treated. Special emphasis was given to environment-friendliness and cost. From the comparison, it was found that anaerobic digestion seems to be the most attractive solution for the country as it is environment-friendly, economical and the concept is consistent with New Zealand's existing waste management strategy. The major limitations of anaerobic digestion are its low energy production efficiency and its limited waste treatment capacity. Hence, an effective national waste reduction and recycling strategy is crucial for the success of this waste management option.
Introduction
The World Bank predicted the global municipal waste generation will increase from 1.3 billion tons per year in 2012 to 2.2 billion tons per year in 2025 [1] . If not managed properly, this will create various social and environmental problems, including air, soil and water pollutions, the spread of diseases and the release of greenhouse gases, particularly methane, to the atmosphere that contributes to global warming.
In New Zealand, waste management is an especially pressing issue. According to the World Bank, the country was the most wasteful nation in the developed world and ranked number 10 globally in terms of municipal waste generation per capita in 2012 and is projected to remain so for the foreseeable future [2] . This high amount of waste is due to the fact that the nation is a big consumer of resources and import high volumes of goods, which is typical among the OECD (The Organisation for Economic Co-operation and Development) members [3] , with a relatively small population of less than 5 million people in 2018 [4] . The waste issue in the country is recently worsened by China's decision in 2017 to restrict imports of plastic, which directly impacts the 30,000 tons of plastic waste New Zealand used to export annually [5] .
Currently, the main strategy adopted by New Zealand's government regarding its waste management strategy is to reduce, recycle and reuse waste [6] . Most of the non-recyclable and/or non-reusable waste ends up in landfills [7] . Although landfilling maybe the most economical solution in the short term, its long-term impacts to the environment and its sustainability are problematic. A report from the country's Ministry for the Environment [7] explained that the reduction in the amount of municipal waste in the early 2010s was because individual, community and local and central government initiatives had been successful in diverting large amounts of waste from landfills through recovery and recycling of items, among others. Nevertheless, the report also states that there was still approximately 75% of the waste disposed of to landfills that could be potentially diverted. Further reductions were also possible at other stages of a product's life cycle. As shall be discussed later, this strategy of waste minimization is currently the government's main waste management strategy.
It is difficult to get accurate data on the proportion of the municipal waste that ends up in landfills. However, based on the data from the Ministry for the Environment [7] , there were 2.531 million tons and 2.461 million tons of waste disposed of to landfills in 2010 and 2011, respectively. Comparing these data with OECD's data on the amount of waste produced [26] in Table 1 , it can be seen that more than 97% of the waste are disposed of into landfills.
The waste composition data in New Zealand's landfills can be gathered from reports that have been released by the various regional councils in the country. Perrot [27] has compiled the available data from 2011-17 and the summary is presented in Table 2 . The types of waste have been categorized into those with and without energy generation potentials. In total, 78.2% of the waste can be used for power generation in WtE plants. Organic materials represent almost one third of the total waste in landfills, while timber and plastic represent one fourth of the waste. At the moment, the waste management plans realized by regional councils in New Zealand are mainly governed by the Waste Minimization Act of 2008 [28] . The act encourages the reduction of waste generated and disposed of in the country. The aim is to protect the environment from harm and provide environmental, social, economic and cultural benefits. To achieve this goal, several measures have been taken over the years:
• Imposition of a levy on all waste disposed of in landfills to generate funding to help local government, communities and businesses to minimize waste.
•
Establishment of product stewardship schemes. This strategy gives the responsibility to a product designer, seller or user to minimize its impact on the environment.
Regulations made to control the disposal of products, materials or waste.
• Empowerment of the responsibilities of regional authorities that need to write a waste assessment every six years.
Creation of the Waste Advisory Board to give independent advice to the Minister for the Environment on matters related to waste minimization.
The country's Ministry for the Environment has also formulized New Zealand's Waste Strategy in 2002 and revised it in 2010 [6] . The strategy has a vision towards zero waste and a sustainable New Zealand through three main goals. They are to lower the costs and risks of waste to society, to reduce the environmental damage from the generation and disposal of waste, and to increase economic benefit by using material more efficiently. The strategy focuses more on waste prevention rather than on waste disposal and adopts this waste treatment hierarchy: reduction (most desirable option), reuse, recycle, recovery, treatment, and lastly, disposal (least desirable option).
In response, various regional councils in the country have taken these steps to achieve the zero-waste objective by 2040 [27] :
• the development of additional recycling facilities, • the reduction of green waste quantities, • the education of the population about the waste hierarchy and the need to consume less, • the need to gather more data about the waste situation in each region, • the reduction of illegal dumping, • the development of resource recovery networks.
With these regulations and instruments in place, there has been considerable progress in access to recycling services and environmental controls around disposal facilities over the years. However, as can be seen from the waste generation data in Table 1 , there has been less success in the overall reduction of waste generation in New Zealand.
In terms of waste treatment, landfilling is still the most common method of solid waste disposal in the country, although there have been discussions about alternative solutions, including various WtE options. Among the alternatives, WtE incineration technology is the most mature [10] . Nevertheless, New Zealand has traditionally been reluctant to commit into WtE incineration plants. Some • Community perception: Waste incineration has the potential to cause harm to both the environment and human health. However, the institute also noted that with today's modern and efficient technologies these health and environmental concerns can be largely avoided through treatment and mitigation of emissions. Therefore, through engagement and consultation with affected communities, these perceptual issues can be overcome.
Cannibalizing recycling programs: The development of WtE plants contradicts with the recycling policy of New Zealand because those plants always need a lot of feedstock to run at maximum capacity.
• Consistency of feedstock issue: New Zealand has a relatively large land area as compared to its population. Hence, getting consistent volumes of waste are difficult. Only in an area such as Auckland, there is certainly no shortage of waste. However, there are many and varied disposal options already in existence competing for the same waste, many of which are likely to be far cheaper solutions.
Cost issue: Landfilling remains New Zealand's predominant mechanism for waste disposal as it is cost-effective. Only with significant waste disposal levies through regulatory intervention, a WtE plant can be considered economically attractive.
Waste-to-Energy Technologies and Their Status in New Zealand
As laid out in the previous section, New Zealand is highly reliant on landfilling to treat its waste. At the same time, waste generation in the country is growing steadily and China's recent decision not to import plastic waste anymore will force the country to reconsider its waste management strategy sooner or later. The authors believe that it is time to review the WtE options to solve New Zealand's waste situation. The existing concerns against the technology, particularly to WtE incineration plants, are noted and will be addressed.
Obviously, another added benefit for New Zealand from WtE technologies is the additional renewable energy source available to reduce its dependency on fossil fuels. It is noted that around 85% of the electricity and 40% of the total energy supply in New Zealand were already generated from renewable sources in 2016 [30] . Fossil fuels are still used to produce electricity during dry seasons. Waste can be a very attractive fuel alternative as its supply is relatively unaffected by the seasons.
Incineration
The most mature technology to extract energy from waste is incineration [10] . The process involves burning of waste in furnaces and using the heat produced to generate useful power (in the form of electricity or heat). By-products of the process are ash and exhaust gas. The ash residue can be further processed to remove metals for recycling and the remainder can be used for construction materials. Most modern plants currently have an energy efficiency of around 30% [10] . Integrated WtE-Gas Turbines power plants have been proposed recently to increase the energy efficiency to more than 40% and in 2012, there are three such plants in Spain, Netherlands and Japan [31] . Although the technology is not yet matured, the integrated gas turbine system seems to be the future of WtE incineration technologies.
The main advantage of incineration as compared to the other options is its effectiveness to remove waste in terms of capacity, type of waste treated and volume reduction [32] . The potential economic values of the residues are an added benefit of the technology. The weaknesses of WtE incinerators are related to their cost, social and environmental issues [29] . WtE incineration plants are relatively expensive to build and communities are usually reluctant to live near incinerators. The incineration of waste releases polluting metals, dioxins and toxic gases that are harmful for human health to the atmosphere. However, it is noted that the quantities released have decreased in the past few years because of stricter rules imposed by governments and the technological progress made in this field [33, 34] .
WtE incineration technology has been implemented successfully in Europe. The biggest investors include France, Germany, the United Kingdom, Italy and Sweden [35] . Incineration allows these investors to reduce the volume of waste disposed in landfills by 90%. In European Union (EU) countries, 26% of waste is used to generate energy in 2015 [36] . This energetic valorization represents 1.3% of the final electricity consumption and 8.9% of the heat consumption. 409 WtE plants were counted in the EU in 2012 that burned 74 million of tons of waste producing 30 TWh of electricity and 74 TWh of heat [36] .
The waste management case of Sweden [37] is particularly relevant for New Zealand and the concerns raised by the authorities. Like New Zealand, Sweden puts a lot of emphasis on recycling and has been very successful, with half of the waste in Sweden is recycled every year. Contrary to New Zealand, however, the rest of the waste is converted to energy in the 33 WtE plants in the country, leaving only about 1% of waste in landfills [37] . The waste treatment systems have been so effective that Sweden also imports waste from other countries that are willing to pay the price to feed its plants.
In New Zealand, there are currently only three high-temperature hazardous waste incinerators in operation. They are at Auckland International Airport, in New Plymouth and near Christchurch International airport [27] .
Anaerobic Digestion
Another technology that is available to create energy from waste is anaerobic digestion. It is a process involving the decomposition of putrescible materials by bacteria acting without the presence of air. Biogas, which is a renewable energy comprised of methane and carbon dioxide, is generated from the process. The main advantages of anaerobic digestion over incineration are its lower emissions of carbon dioxide, the possible valorization of organic waste for soil conditioners and the reduced odor emissions [32] . From life cycle perspective, anaerobic digestion is more attractive than incineration too [38] . The main limitation is that the process is slow. Hence, it may not be practical to rely solely on anaerobic digestion to remove all the waste from a country. Furthermore, it can only treat biodegradable waste or organic fraction of municipal solid waste (OFMSW) [39] .
Around the world, there were approximately 12,000 biogas plants in 2016 and is expected to grow to 15,000 by 2025 [40] . 90% of those plants are in Europe and the strongest biogas markets are in Germany, France, Italy and Poland [40] . However, this technology is less mature and is less popular than the WtE incineration alternative. Furthermore, there are unique challenges to its implementation in urban areas [41] .
In New Zealand, the biogas sector is currently growing. In 2015, the estimated total amount of methane collected and transformed into biogas was around 4.7 PJ (petajoule), which can power 40,000 households [42] . There are 31 main biogas plants in New Zealand treating waste from landfills, sewage, wastewater, rural and industrial waste [42] .
Gasification and Pyrolysis
Gasification process involves the conversion of an organic compound into a gas mixture (syngas) and a solid by-product (char). The conversion is made at a temperature of more than 650 • C [32] . Syngas has a high heating power and can be used for power generation or biofuel production. Char is a mixture of organic carbon and ash. Several gasification technologies exist around the world and what differentiates them is the reactors used and the operations realized [43] .
Pyrolysis is thermal degradation with a limited supply of, or in the complete absence of, an oxidizing agent at a temperature of between 400 • C and 1000 • C [44] . The conversion can produce three products: pyrolysis gas, pyrolysis liquid and solid coke. The WtE potential efficiency of pyrolysis is similar to that of gasification and both techniques can treat all kind of municipal waste. However, these technologies are less matured as compared to anaerobic digestion and incineration [44] .
In New Zealand, there have been small-scale gasification and pyrolysis waste treatment projects, particularly for wood waste [45, 46] . However, to the authors' knowledge, there is no large-scale gasification/pyrolysis plant in the country as of 2018.
Waste-to-Energy Generation Potentials in New Zealand
From the above discussions, there are at least four major WtE technologies available, i.e., incineration, anaerobic digestion, gasification and pyrolysis. These technologies will now be compared. The comparison includes the energy potential and suitability of each technology in the context of New Zealand.
Energy Potential from Municipal Waste in New Zealand
In 2015, New Zealand generated 3.221 million tons of municipal waste [26] . To get an estimation of the energy that could be generated from this waste, a calculation was carried out. Table 3 shows the amount of each waste type generated annually in the New Zealand (data are adapted from Reference [27] ), the heating value of each kind of waste (values are approximated based on Reference [47] ) and the corresponding available energy. In total, there is more than 30.8 PJ of energy available per year from waste in New Zealand. In comparison, the total energy demand of the country was 577.6 PJ in 2016, of which 25.5 PJ, 270.9 PJ and 81.3 PJ was supplied by coal, oil and natural gas, respectively [30] . Therefore, the available energy from municipal waste in New Zealand is comparable to the energy demand provided by coal. To estimate the potential energy that can be generated from WtE plants, the total amount of waste energy is multiplied by the various efficiency values of the different WtE technologies. The calculated values for incineration, anaerobic digestion, gasification and pyrolysis are tabulated in Table 4 . It should be noted that for each technology, the amount of energy generated varies for two main reasons: (1) the different efficiencies, and (2) the different kind of waste that it can treat. For example, anaerobic digestion can only treat organic waste, which explains the low value of energy generated as compared to other technologies, since plastic waste has a high heating value and represents around 12% of waste generated in New Zealand. As a consequence, anaerobic digestion needs to be combined with a good recycling strategy, if it is to be adopted nationwide. As expected, the most sophisticated technologies (WtE-GT integrated and advanced gasification) offer the most energy generation, and further studies in this area will allow the energetic optimization of future WtE plants. However, these technologies are less mature at the moment. 
Suitability Comparison of the Technologies for New Zealand
To analyze the suitability of the available WtE technologies in the context of New Zealand, a comparison is carried out in the following aspects: air pollution, cost (capital and maintenance), side product, capacity of production, commercial maturity, energy efficiency and type of waste to be treated.
Studies of gas emissions from each type of plants are available in the literature [32, [51] [52] [53] . There are technologies to treat the various gas emissions to reduce air pollution. These, however, have financial implications. For example, although gasification plants emit less carbon dioxide than incineration plants [54] , it is more expensive to treat the emission from gasification plants than that from incinerators [55] . Among all the technologies, anaerobic digestion is the least air polluting since all gases are captured to produce methane [56] . Pyrolysis is less polluting than incineration because of the absence of oxygen during the process and the lower temperature used [57] . It is also less polluting than gasification for the same reason [50] .
To compare the cost of each technology, Table 5 tabulates the costs of WtE plants based on data from GIZ (German Corporation for International Cooperation) [58] . It can be seen that anaerobic digestion is the most economical option. Conventional incineration is relatively more economical than gasification/pyrolysis, while the advanced incineration plant is currently very costly. Regarding side products, incineration units usually recycle the bottom ash to recover metals from it and the remaining ash can be used as construction materials (aggregates) [10] . Anaerobic digestion's main side product is digestate, which can be used for fertilizer [32] . For gasification, only ashes remain from the process apart from the syngas are generated [54] . The side products of pyrolysis depend on the parameters used. The range and proportions of products is then quite varied and is constituted by unconverted carbon, charcoal, ash, pyrolysis oil and syngas [59] .
Regarding the waste treatment capacities, the common scales of capacity of each technology are as follows [47] : (1) incineration can treat 1500 tons of waste per day, (2) pyrolysis and gasification can treat 10 and 100 tons of waste per day, respectively, and (3) around 500 tons of waste per day can be treated by anaerobic digestion [58] . The capacity of production obviously depends on the size of the treatment facility, but those figures give an idea of the current performances of the existing plants in the world.
In terms of the level of maturity of the technologies, waste incineration is the most mature, followed by anaerobic digestion, while pyrolysis and gasification are not yet mature [10, 50] .
Another aspect to consider is the energy production efficiency of each technology. It is noted that the efficiency of each technology depends on many factors such as the thermodynamic cycle employed, the scale of the plant and all the techniques used for optimization that are different for each plant. For conventional incinerators, steam turbines are commonly used and the electrical energy production efficiency is typically around 15-30% [47] . When used to provide heating, the efficiency of incinerators can reach 90% and for combined heat and power is 40% [47] . For anaerobic digestion, the maximum efficiency of anaerobic digesters to produce biogas based on the heating values is 28% [48] . Assuming a gas turbine with an efficiency of 30-40%, the overall efficiency is between 8.4-11.2%. The gasification technology has an efficiency of between 10-27% or 30-40% (advanced gasification), depending on the type of turbine used [50] . Pyrolysis has an efficiency of between 16-25%, assuming a gas turbine for the electricity production process [50] .
In terms of the type of waste that can be treated, incineration is the most comprehensive as it can treat almost any type of waste. Gasification and pyrolysis plants may be able to treat all kind of waste with less environmental impact and at a lower cost as compared to incineration, but the technologies are less mature. Anaerobic digestion is the most limited option as it cannot treat non-biodegradable materials, such as plastic waste.
To summarize the comparison of the various aspects above, to find the most suitable technology for New Zealand, scores ranging from 0 (the worst) to 3 (the best) were assigned by ranking each of the technologies in each parameter. For example, anaerobic digestion is the most preferred option in the aspect of air pollution, followed by pyrolysis, gasification and lastly, incineration. Therefore, in the aspect of air pollution, anaerobic digestion was given a score of 3, pyrolysis got a score of 2, a score of 1 for gasification and incineration was given a zero score. Table 6 summarizes the scores of the four technologies in all the aspects considered without any special weightage for any of the parameters. The table shows that, without weightage, incineration and anaerobic digestion are generally the most attractive WtE options, followed by pyrolysis and, lastly, gasification. Incineration is attractive mainly because of its capacity and maturity. Anaerobic digestion is advantageous in terms of its environment-friendliness and cost. In practice, New Zealand has two main concerns regarding its waste treatment strategy, i.e., environment-friendliness and economy. Therefore, more weightages should be assigned to the relevant parameters in comparison. The main parameter that is relevant to environment-friendliness is air pollution, while that for the economy is cost. A double weightage was therefore given to these two parameters. The results are presented in Table 7 . The table shows that anaerobic digestion seems to be the most attractive solution for New Zealand in general. It is both environment-friendly and economical. The technology is relatively mature. The inability of anaerobic digestion to treat non-biodegradable waste is actually consistent with New Zealand's national waste management strategy to reduce, reuse and recycle waste. It should be noted, however, that the energy production efficiency of anaerobic digestion is relatively low as compared to the alternatives. Furthermore, it is seriously lacking in its waste treatment capacity. Therefore, in order for this option to be successful in its implementation nationwide, it is crucial to ensure the effectiveness of the existing national waste management strategy to reduce, reuse and recycle. 
Conclusions
This article discusses the municipal waste management and the Waste-to-Energy (WtE) potentials in New Zealand. Globally, New Zealand generates more waste per capita as compared to other OECD countries. Moreover, the total amount of waste generated has been steadily increasing over the years and is expected to continue to rise following the country's economic and population growths. The main waste management strategy of New Zealand is currently to reduce, reuse and recycle waste, while most of the non-reusable and non-recyclable waste ends up in landfills.
Various alternative technologies are available to treat waste in a more sustainable manner. WtE options were explored in this study for possible future implementation in New Zealand. This option is attractive as it is environmentally friendly and can further reduce the country's dependency on fossil fuels. According to the calculation, the energy potential of waste in New Zealand was more than 30.8 PJ per year, which is more than the amount of energy from coal in the country.
Four technologies were discussed and compared: incineration, anaerobic digestion, gasification and pyrolysis. The aspects in focus were air pollution, cost, side products, waste treatment capacity, commercial maturity, energy efficiency and type of waste treated. Without any special weightage to any of the parameters, incineration is the most attractive option. It is a very mature technology and is able to treat any type of waste effectively. However, environment-friendliness and cost are especially important for New Zealand. Therefore, more weightages were given to the air pollution and cost aspects. From the comparison, it was found that anaerobic digestion seems to be the most attractive solution for the country. Anaerobic digestion plants are environment-friendly and economical. It is also consistent with New Zealand's existing waste management strategy. The major limitations of anaerobic digestion are its low energy production efficiency and its limited waste treatment capacity. It is noted, therefore, that this option has to run in tandem with an effective national strategy to reduce, reuse and recycle waste in the country. 
